The purpose of this series is to review the appearance of plantar fibromatosis with high-resolution ultrasonography (US) and highlight a new imaging sign termed the "comb sign." A retrospective study was performed for patients with a clinical diagnosis of plantar fibromatosis. Charts of 43 patients (age range, 26-77 years; mean age, 54 years) were reviewed to gather patient demographics and symptoms. Several US characteristics were evaluated with emphasis on any new imaging features. A total of 57 plantar fibromas in 43 patients were examined. Plantar fibromatosis was seen as a lobular marginated oval nodule along the superficial plantar fascia involving the central or medial cord, often at the middle third (84%) of the plantar fascia, showing posterior acoustic enhancement (65%), mixed echogenicity (82%), and intralesional vascularity (53%). Slightly more than half (51%) of the lesions showed a previously unrecognized appearance, designated the comb sign. This sign was more commonly seen in the setting of larger fibromas (P < .05). Plantar fibromatosis is usually a clinical diagnosis that can be aided by a typical US appearance. Although the imaging characteristics are largely similar to prior literature, this series suggests that most show mixed echogenicity and posterior acoustic enhancement, and approximately half show internal vascularity. A new US sign, termed the comb sign, shows alternating bands of hypoechogenicity and isoechogenicity, particularly in larger plantar fibromas, and can help in further characterization.
P lantar fibromatosis is a benign fibroproliferative disorder of the plantar fascia initially described by German physician Georg Ledderhose in 1897. 1 It is often a clinical diagnosis manifesting as a palpable tender lump in the midfoot or forefoot region, exacerbated by standing or walking. Accurate diagnosis is important because these lesions typically respond well to nonsurgical management, with surgical excision often leading to recurrence or long-term morbidity. [2] [3] [4] [5] [6] There has been a growing use of musculoskeletal ultrasonography (US) in aiding clinical diagnosis and guiding patient treatment over the past decade. Specifically, US has been shown to be a useful means to confirm the clinical diagnosis of plantar fibromas, being able to detect small lesions because of its high spatial resolution as well as examine both feet quickly at a relative low cost compared to magnetic resonance imaging (MRI). 1, 7 Although the general US features of plantar fibromatosis have been described. [8] [9] [10] [11] much of the literature is at least a decade old. With improved technology, morphologic characteristics can now be better detailed with superior spatial and contrast resolution. The main purpose of this series is to detail the appearance of plantar fibromatosis on high-resolution US and review the literature.
Materials and Methods
With Institutional Review Board approval, a retrospective review of the institutional medical record between January 1, 2014, to December 31, 2016, was performed for patients with the clinical diagnosis of plantar fibromas. Key words searched were "fibromas," "fibromatosis," "plantar fibromas," and "plantar fibromatosis." Informed consent was waived because of minimal risk. Only those patients with imaging within 60 days of clinical diagnosis were included. Patients with any prior surgery of the plantar fascia and the surrounding region were excluded.
Imaging Protocols
All patients underwent US examinations using a LOGIQ E9 US system (GE Healthcare, Milwaukee, WI). Evaluations were performed with the following linear array transducers: GE 9L-D (2.4-10 MHz), GE ML6-15-D (4-15 MHz), and/or "hockey stick" wide-band high-frequency (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) . Patients were scanned in a neutral position without dorsiflexion or plantar flexion.
Imaging Review
Examinations were reviewed in consensus by 2 boardcertified musculoskeletal radiologists with 10 and 3 years of musculoskeletal US experience, respectively. Imaging characteristics were detailed for each lesion. The number of lesions was identified. If there were more than 2 lesions, the dominant 2 lesions were detailed, and the patient was said to have multiple lesions. The maximum size was recorded in 3 dimensions: width, depth, and length. The location was specified as involving the central, medial, or lateral cords. If a lesion was at the junction of the cords, that was also noted. The plantar fascia was divided into thirds qualitatively, and the distance of the lesion from the calcaneal origin was noted as being in the proximal, middle, or distal third of the plantar fascia. A superficial or deep location of a lesion was noted relative to the plantar fascia. Intramuscular extension was noted. Vascularity was graded subjectively as none, mild, moderate, or marked using color and/or power Doppler analysis. Echogenicity was noted as anechoic, hypoechoic, isoechoic, or hyperechoic relative to the plantar fascia. Posterior acoustic enhancement, cystic changes, and calcifications were noted. The ability to see the plantar fascia was recorded.
The characterization of the lesion shape and margin was similar to the well-accepted breast US lexicon from the American College of Radiology Breast Imaging Reporting and Data System, fifth edition. Margins were defined as circumscribed or noncircumscribed. Circumscribed was synonymous with smooth, similar to a vessel wall. Noncircumscribed was further subtyped into indistinct, lobulated, or spiculated. Indistinct margins were poorly perceptible. Spiculated was defined as angular, linear, or triangularly shaped margins. Shapes of lesions were defined as oval, round, or irregular. Oval was considered elongated in shape with unequal diameters in orthogonal dimensions. Round was equal in diameters in orthogonal dimensions. Irregularly shaped lesions were those not meeting criteria for either oval or round.
Lesions showing the "comb sign" were noted. The comb sign was defined as alternating linear bands of hypoechogenicity next to isoechogenicity relative to the plantar fascia seen on transverse or longitudinal imaging, which mirrored the appearance of a multitooth comb (Figures 1 and 2 ). Real-time cine clips were used for image analysis as needed. Statistical analysis was accomplished with JMP version 11.0.0 software (SAS Institute Inc, Cary, NC). All data were expressed as mean 6 standard deviation for continuous variable data and frequency (percentage) for categorical data.
Results

Clinical
The patient cohort consisted of 43 patients: 22 male (52%) and 21 (48%) female, with a mean age of 54 6 9.6 years (range, 26-77 years). Seven (16%) of the patients had bilateral lesions imaged and characterized, which accounted for a total of 57 lesions. Most patients had a tender (31 of 43 [72%]) or palpable (36 of 43 [84%]) lump on a personal or physical examination. Of the 43 patients, 2 (5%) and 9 (21%) did not have either a palpable abnormality or tenderness, respectively. The mean duration of symptoms at the time of the clinical evaluation was 15.7 6 15.6 months (range, 1-50 months). The duration of symptoms was longer as the maximum lesion size increased (P < .0001). With conservative management, which included physical therapy, orthotics, and/or corticosteroid injection, 33 (76%) patients had eventual relief of their symptoms documented in clinical follow-up notes. Five (12%) patients had continuing pain, and an additional 5 (12%) did not have their symptoms recorded in the clinical follow-up notes.
Anatomic Location
All of the lesions were in a characteristic anatomic location along the superficial aspect of the plantar fascia, with the plantar fascia being well visualized without invasion or substantial architectural distortion. No lesion showed intramuscular extension. Forty-eight (84%) were located in the middle third. Seven (12%) were located in the distal third, with 2 (4%) at the junction of the middle and distal thirds. None of the lesions involved the proximal third of the plantar fascia. The lesions involved the central cord, medial cord, and junction of medial and central cords: 39 (68%), 5 (9%), and 13 (23%), respectively. None of the lesions involved the lateral cord.
Imaging Characteristics
The mean size of the lesions was 1.2 6 0.6 cm (range, 0.5-3.4 cm) wide 3 0.5 6 0.2 cm (range, 0.2-1.2 cm) deep 3 1.6 6 0.9 cm (range, 0.5-5.4 cm) long. Ten (18%) of the lesions were hypoechoic, whereas 47 (82%) showed mixed echogenicity. No vascularity was identified in 27 (47%) of the lesions, whereas 19 (33%), 6 (11%), and 5 (9%) showed mild, moderate, or marked vascularity, respectively. Vascularity was not related to tenderness (P 5 . One of the distinctive intralesional features seen in 29 (51%) was the comb sign. The mean size of lesions showing the comb sign was 2.0 cm, whereas the mean size of lesions without this feature measured 1.3 cm. The presence of the comb sign was more likely as the maximum size of the lesion increased, with lesions greater than 1.4 cm being 4.75 times more likely to show this sign (odds ratio, 4.75; 95% confidence interval, 1.4-13.2; P < .05).
Discussion
Clinical Plantar fibromatosis is a benign clinical entity whose pathophysiologic nature remains unclear but may have an underlying genetic etiology given the association with soft tissue fibromatosis elsewhere in the body, including Dupuytren and Peyronie diseases. 7, 8, 12 Plantar fibromatosis occurs in the adult population and manifests as a palpable tender lump, worse with pressure from ambulation and relieved with rest. 8, 13 Symptoms may be present for several months or longer, although some lesions will remain asymptomatic. 4, 7, 8 This clinical presentation was confirmed in our series, as most patients had one of these dominant symptoms, typically for a duration of approximately 1.3 years before clinical diagnosis. In this cohort, sexes were essentially equal. Other studies have reported similar findings.
3,4 whereas others have reported a male predominance, 1, 6 similar to prior studies. 8, 12 Bilateral involvement is not uncommon, occurring in approximately 25% to 40% of patients. 1, [13] [14] [15] However, bilateral involvement was seen in only 16% of patients in this cohort, likely representative of the fact that either most patients did not have both feet scanned, or there were insufficient images for detailed characterization. As shown in this series, plantar fibromas tend to become less symptomatic over time. 8 Most of the patients (76%) responded to conservative measures, including physical therapy, orthotics, and/or corticosteroid injection. Surgical options are typically reserved for more aggressive lesions and include local excision, wide local excision, and complete plantar fasciectomy. A wide excision or subtotal plantar fasciectomy seems to be preferred to minimize the risk of recurrence and long-term morbidity. 16 None of the patients in the cohort underwent surgery during the time of review, which may represent the prevailing treatment at this institution or lessaggressive nature of the lesions imaged.
Imaging Characteristics
Ultrasonography can play an important role in detailing the number of lesions and their characteristics while excluding more sinister conditions in equivocal clinical cases. 1, 8 Although the US appearance of plantar fibromatosis has been previously described, to our knowledge, this series was the largest cohort examined to date. The plantar fascia is a thin aponeurotic band in the deep subcutaneous tissues overlying the investing myofascial plane of 3 muscles: flexor digitorum brevis, abductor hallucis, and abductor digiti minimi, comprising the central, medial, and lateral cords, respectively. On US, the normal plantar fascia shows a fairly homogeneous striated hyperechoic appearance in the longitudinal axis and a compact mildly heterogeneous, predominantly hyperechoic band on transverse images. Thin echogenic bands superficial and deep to the plantar fascia allow for visual demarcation of the aponeurosis (Figure 3) . 8, 17, 18 In this series, plantar fibromatosis was seen as a discrete lobular marginated (70%) oval nodule involving the medial or central plantar cord, extending along the long axis of the middle (84%) or distal (12%) third of the superficial plantar fascia, consistent with the literature. 3, 14, 19 Most lesions showed posterior acoustic enhancement (65%) and mixed echogenicity (83%) with little to no vascularity (80%; Figures 4 and 5) . The presence of posterior acoustic enhancement was seen in most lesions in contrast to prior literature and, moreover, was independent of echogenicity, contrary to prior reports of a propensity for hypoechoic lesions to be more associated with posterior acoustic enhancement. 8 However, there have been reports of fibromas largely showing increased posterior acoustic enhancement in older case series. 9 Although plantar fibromas have largely been described as being hypoechoic to the plantar fascia, this series found predominantly mixed echogenicity. 8, 11, 19 This finding may have been partially secondary to the current US technology and better visualization of the inherent intralesional heterogeneity. The average size of the fibromas in this series was longer than 1 cm, which has been associated with mixed echogenicity on US. 11 Intrinsic vascularity was seen in 53% of patients, which was in contrast to the most recent large cohort which showed vascularity in only 8% of lesions. 8 Vascularity was not graded in the study by Griffith et al, 8 but our cohort showed 20% of lesions with moderate and marked vascularity, compatible with a prior report that lesions may have substantial increased intrinsic vascularity. 20 The presence of vascularity in our series may be reflective of newer US technology being more sensitive. Concordant with nearly all prior studies, calcifications and cystic changes were not seen in the cohort. 2, 3, [12] [13] [14] 17 Cystic changes have only been reported in a single case study, 20 whereas calcifications in a plantar fibroma have never been described.
Plantar fibromatosis shows contiguity with an intact plantar fascia, as seen in all cases (Figures 4 and 5) . Perifascial edema and architectural distortion are features of plantar fascia tears and, with resultant nodular remodeling, may mimic a plantar fibroma. Therefore an intact plantar fascia is important to note for an accurate diagnosis. 8 Additionally, contiguity of the lesion with an intact, nondistorted plantar fascia will help exclude perifascial disorders, which secondarily can invade the plantar fascia, such as nonplantar fibromatosis, plexiform neurofibroma, a foreign body reaction, sarcoma, lymphoma, and metastasis. 7, 8, 13 Intramuscular extension would be more consistent with potential malignant considerations or fibroma recurrence after prior excision. 2 No lesions were located in the proximal third of the plantar fascia, which has been reported much less commonly. 16 A lesion involving the plantar fascia origin is most likely related to plantar fasciitis with a possible superimposed tear and subsequent nodular remodeling.
Slightly more than half (51%) of the lesions showed a morphologic feature coined the comb sign (Figures 1  and 2 ). This sign was defined as a lesion with linear areas of hypoechogenicity next to areas of isoechogenicity relative to the plantar fascia. Lesions larger than 1.4 cm were 4.75 times more likely to show the comb sign. Previous studies have established that larger lesions may show mixed echogenicity with areas of linear hyperechoic septa. 1 Although there was no histopathologic correlation for our cohort, fibromatosis is described as collagenized fibrous bands intermixed on a background of cellular matrix. More chronic lesions show a hypocellular matrix with a greater proportion of collagenized fibrous tissue. 21 On US, the hyperechoic regions are said to correspond to the fibrous region on a background of hypoechogenic cellular matrix. 17 Magnetic resonance imaging usually shows varying degrees of T1 and T2 signal and enhancement, with hypointensity and nonenhancement corresponding to the collagenous fibrous component. 17, 21 There has also been reference to linear hypointense bands on MRI and a central radiating-type scar, particularly seen on axial sequences. 14, 17 Therefore, the US appearance of the comb sign is likely secondary to alternating hyperechoic fibrous collagenized bands on a background of hypoechoic matrix. We posit that the presence of the comb sign, usually seen in larger lesions, suggests that the increased size of the lesion, which is associated with greater chronicity (P < .0001), permits increased bands of fibroblastic collagenous proliferation that produce the US appearance of the comb sign. Only 4 patients had MRI examinations for comparison. On further review, in 2 cases, there were focal small areas on T1-and T2-weighted images that showed linear alternating bands similar to the US comb sign (Figure 6 ). However, on US, the corresponding regions were not considered the comb sign. Our limited evidence suggests no direct concordance of the comb sign on US with MRI, but T1 and T2 linear bands can be seen on MRI, highlighting the fibroblastic morphologic characteristics, as described in previous literature. 14, 17 Limitations There was no pathologic confirmation in any patient, as lesions are usually not addressed surgically secondary to their propensity to recur and be more aggressive at recurrence. 11, 12 The number of patients with bilateral involvement was not truly reflective of the prevalence of bilateral involvement, as examinations were often unilateral and imaged only the ordered side. In addition, some imaging examinations focused on the dominant lesions, therefore underestimating the total number of lesions. This series was also limited by its retrospective nature and relatively small sample size.
